[1] The objective of this study is to construct a representative volcanostratigraphy of Ocean Drilling Program Hole 1256D, the first complete penetration of intact upper oceanic crust formed at a superfast spreading rate. An accurate knowledge of the volcanostratigraphy is vital to understand processes of crustal construction and submarine magmatism and to estimate chemical exchange with seawater, but this is rarely achieved due to very low recovery rates in most basement holes. We used two approaches to determine the rock types that form the wall rocks in the basement sections of Hole 1256D: (1) user guided interpretations of electrofacies acquired by imaging tools combined with other wireline tools; and (2) the use of an artificial neutral network to objectively classify the responses of all available logging information. Great availability of formation microscanner (FMS) images provided superior coverage of the borehole wall compared to previous attempts at core-log integration. This has resulted in more confident and detailed lithologic classifications, such as with the distinction between pillows and different styles of breciation. Ten lithology types are suggested for a volcanostratigraphy model: massive flows, ponded lava, fractured massive flows, fragmented flows, thin flows or thick pillows, pillows, breccias, dikes in dike complex, isolated dikes, and gabbros. Three major lithology types in the extrusive section are massive flows (both massive and fragmented massive flow, 22%), fragmented flows (32%), and breccias (19%). Pillow lavas make up only 1.9% of the volcanic section and are confined to a 100 m interval. Below the extrusive section, subvertical contacts interpreted to be dike margins are typically observed every 1 to 2 m with brecciated zones along the contacts. The dikes dip steeply to the northeast indicating slight rotation away from the ridge axis. We used an artificial neural network (ANN) approach to determine a quantitative lithostratigraphy. The ANN is most strongly influenced by porosity and alteration degrees and the resulting stratigraphy most closely resembles the above classifications when clustered by FMS texture as opposed to lithologic interpretation. The ANN thus provides a porosity-based stratigraphy of the basement rather than the traditional lithology-based stratigraphy.
Introduction
[2] An accurate downhole lithostratigraphy provides the basic foundation for interpreting any section of drilled oceanic crust. However, reconstructing the distribution of rock types downhole remains one of the major challenges to hard rock ocean drilling. This is because core recovery rates in the upper oceanic crust are typically low (<30%) with few long continuous core pieces, and betterdrilled rock types (i.e., less fractured rocks) are preferentially recovered. Volcanostratigraphy models derived solely from recovered cores thus only partially represent the basement and are generally strongly biased against more fragile rock types such as highly altered and fractured formations, breccias, and fracture fills. With such low recovery rates, there is significant uncertainty as to the original in situ location of the core pieces recovered, so the unrecovered rock formations must be interpolated from the recovered rock types. Consequently, core-based volcanostratigraphic models may lead to erroneous classifications of lithologic types, misinterpretations of crustal construction processes, and inaccurate estimates of seawaterbasalt chemical exchange fluxes resulting from hydrothermal alteration [e.g., Alt and Teagle, 1999; Teagle et al., 1998 Teagle et al., , 2003 Fisher, 2004; Nielsen et al., 2006] . An alternative to the current approach of developing crustal stratigraphies solely from the recovered cores is essential.
[3] In this study, we present a qualitative electrofacies analysis of in situ wireline logs integrated with observations of the recovered cores to reconstruct an igneous stratigraphy model of the intact upper oceanic crust in Ocean Drilling Program/ Integrated Ocean Drilling Program (ODP/IODP) Hole 1256D. We further investigated quantitative wireline log analysis through the use of unsupervised artificial neural network (ANN) methods to automatically and objectively construct a quantitative volcanic stratigraphy model. We compare the results of the ANN technique with our qualitative electrofacies analysis to investigate the characteristics of each approach and discuss how we can utilize these qualitative and quantitative analyses to improve the construction of a volcanostratigraphy model. Testing the quantitative approach is important to consider if semi-automated lithostratigraphy modeling immediately at the completion of logging operations onboard is possible and informative. Companion papers will discuss the geological implications of the basement volcanostratigraphy developed here with respect to the accretion of the upper crust at Site 1256, the implications for crustal magnetism, and hydrothermal chemical exchange.
Background

Geological Background
[4] ODP/IODP Hole 1256D (6°44.1 N, 91°56.1) is located in the Guatemala Basin on the eastern flank of the East Pacific Rise (EPR). Marine magnetic anomalies indicate that the crust was accreted $15 Ma during an episode of superfast spreading (full > 220 mm/a, Figure 1 ) [Wilson, 1996] . The location of Hole 1256D was specifically sited to (1) drill the first continuous section of intact upper oceanic crust down to gabbros, (2) test the correlation between the increasing spreading rate and the decreasing depth to the axial low-velocity zones thought to be axial melt lenses and now preserved as gabbros [e.g., Purdy et al., 1992] , (3) determine the lithology and structure of the upper oceanic crust from a super-fast spreading rate end-member, (4) examine the seismic and magnetic structure of the upper oceanic crust, and (5) inves-tigate magmatic and alteration processes through intact upper oceanic crust. Drilling at Site 1256 was initiated on ODP Leg 206 [Wilson et al., 2003] and continued on IODP Expeditions 309 and 312 . Hole 1256D now penetrates 1507.1 m below seafloor (mbsf; 1257 m subbasement (msb)) with the first gabbroic rocks recovered at 1407 mbsf. The preliminary downhole stratigraphy established from shipboard core observations and wireline log interpretations onboard revealed that the drilled crust, from top to bottom, consists of (1) lava section that is composed of ponded lavas, inflated flows, sheet flows, and massive flows (751 m), (2) lava-dike transition zone (60 m), (3) sheeted dikes (346 m), and (4) gabbroic rocks intruded into screens of contact metamorphosed dikes (Figure 2 ).
[5] The uppermost crust is made up of a single >74 m-thick ponded lava flow overlain by thin sheet flows. This thick lava correlates with a 32 mthick massive lava cored in the neighboring pilot Hole 1256C indicating significant basement topography at the time of eruption. By analogy with observations of the modern EPR [Macdonald et al., 1996] and the need for significant topography to pond such a thickness of lava, this massive flow is interpreted to have solidified 5 to 10 km off axis [Wilson et al., 2003] . The lavas directly underlying the ponded flow display rare subvertical hyaloclastite-filled inflation structures, indicative of eruption onto a near horizontal surface [e.g., Umino et al., 2002] , and are interpreted to have also solidified off axis. Sheet flows with subordinate massive (>3 m thick) flows make up the bulk of the extrusive section (533.9 to 1004.1 mbsf). Subvertical igneous contacts, commonly brecciated and mineralized, are abundant throughout the sheeted dike complex. The lower $60 m of the sheeted dikes are strongly recrystallized to microcrystalline granoblastic textures through contact metamorphism by underlying gabbro sills. Secondary mineral assemblages indicate very high geothermal gradients (>1500°C/km) in this region. The plutonic section from 1407 mbsf forms the upper portion of a dike-gabbro transition zone and comprises two gabbroic sills 52 and 24 m thick intruded into a 24 m thick screen of granoblastically recrystallized dikes. The drilled sequence has normal mid-ocean ridge basalt composition and is similar to modern EPR basalts [Wilson et al., 2003 . The gabbroic rocks recovered to date have chemistries similar to the overlying extrusive rocks and sheeted dikes.
[6] The volcanic section in Hole 1256D has an average recovery rate of 37% but this is highly variable and includes several intervals with no recovery (Figure 2 ). Drilling in massive formations provides higher recovery rates (average $ 50%) whereas recovery rates in other rock types are typically much lower (Figure 2 ). The volcanostratigraphy determined on board during ODP Leg 206 and IODP Expeditions 309 and 312 is based on descriptions of the recovered cores, assuming that these are representative of the basement. Although it is acknowledged that this assumption is most probably incorrect, in the absence of other infor- mation, regions of low or no recovery are typically assumed to be similar to the nearest recovered cores.
Core-Log Integration Studies
[7] There have been relatively few attempts to overcome the inherent biases of the core-derived volcanostratigraphy of ODP basement sites through detailed core-log integration [Bartetzko et al., 2002; Haggas et al., 2001 Haggas et al., , 2002 Barr et al., 2002; Révillon et al., 2002; Pockalny and Larson, 2003; Bartetzko et al., 2001 Bartetzko et al., , 2003 Bartetzko et al., , 2006 . In these studies, core descriptions and in situ depths were reexamined and lithologic classification criteria developed based on response ranges of the wireline logs and imaging tools. These logging responses were then applied to regions of low and no core recovery to construct a basement stratigraphy. However, these previous studies generally had only limited coverage of the borehole wall due to only single passes by imaging tools, such as the formation microscanner (FMS) and ultrasonic borehole imager (UBI), making it challenging to differentiate, for example, pillow lavas from highly fractured formations. In contrast, multiple passes of Hole 1256D over the three cruises by the FMS and UBI provide greater coverage of the borehole walls. With a more comprehensive data set from Hole 1256D, a more robust lithostratigraphy can be constructed with much greater confidence than earlier studies.
Method
Hole 1256D Logging Operations
[8] Comprehensive wireline logging programs were conducted following drilling on all three cruises, as well as before the initiation of coring on Expedition 309 (Figure 3 ). All wireline logging data were depth-matched and archived by Borehole Research Group of the Lamont-Doherty Earth Observatory (http://iodp.ldeo.columbia.edu/DATA/ IODP/index.html). Single and orthogonal caliper measurements show that the Hole 1256D borehole is in generally good condition with few intervals of significant washout (>14 in.). As such, most of the logging data should be reliable (http://iodp. ldeo.columbia.edu/DATA/). All types of logs are available for the interval from 312 to 1425 mbsf that includes the lower part of the ponded lava down to the uppermost gabbros (Figures 2 and 3 ).
[9] For simplicity, we hereafter distinguish tools that report a single measurement at each depth as ''one-dimensional tools'' and instruments that record measurements as a function of depth and direction as ''imaging tools. ''The former includes the deep and shallow penetration resistivity (Dual LateroLog LLD and LLS), natural gamma ray (NGR), compressional velocity (Vp), density, photoelectric effect factor, and porosity logs. The latter includes: FMS and UBI. Each logging tool measures different in situ physical properties and the responses are dependent on and indicative of the different rock types, structures, and intensity of alteration present in the borehole walls.
[10] NGR, Vp, density, photoelectric effect factor, and porosity were measured with 0.15$0.20 m sampling intervals. NGR counts are acquired even on relatively irregular borehole walls using the Hostile Environment Natural Gamma Ray Sonde [Rider, 1996] . NGR provides a measurement of radioactivity of the formation, in particular that resulting from concentrations of K, U, and Th in the wall rock formation. Total gamma and fivewindow spectroscopy allows the estimation of individual K, U, and Th concentrations. In ocean floor basalts this tool is most sensitive to the presence of potassium-bearing secondary minerals resulting from the low temperature seawater alteration of basalts [e.g., Révillon et al., 2002] . Vp values are acquired by the Dipole Sonic Imager measuring the sonic wave propagation into the rock formation. Density values are acquired by the Hostile Environment Litho-Density Sonde measuring the electron density of rock formations (that is related to the bulk density). This tool also measures photoelectric effect factor values from the occurrence of photoelectric absorption of the gamma rays in rock formations. Because the pho- Figure 2 . Shipboard summary of Hole 1256D. (left) Lithological subunits determined aboard by shipboard scientists . Sheet flow and sheet-massive flows are distinguished with an arbitrary 3-m cutoff . (right) Cumulative occurrences of rock types. Recovery rate (%) in horizontal axis. Each bar corresponds to a recovered core interval for Core 206-1256D-8R to 312-1256D-216R (312-1425 mbsf) with colored bars proportional to the abundance of the material recovered. According to the different rock types recorded in the shipboard visual core descriptions. Core recovery is plotted for basement depths that were logged, and core recovered below the deepest logged section is not plotted. Note that cores with more than 100% recovery may include unrecovered cores drilled in the previous interval. Thick red line shows the region of downhole tool coverage. toelectric effect factor depends on the atomic number of the elements in the formation, these values are used to refer the chemical composition of the rock formations [e.g., Gardener and Dumanoir, 1980; Bartetzko et al., 2003] . Porosity values are acquired by the Accelerator Porosity Sonde measuring the energy loss of the emitted neutrons.
[11] LLD, LLS, and FMS measure electric current returns that are sensitive to the porosity structure Figure 3 . Summary of Leg 206 (yellow), Expedition 309 (blue), and 312 (pink) logging operations. Colored lines and letters indicate wireline logs that were used in this study. The top and bottom of the logging depth was indicated. Numbers in bracket (1$4) indicate the number of passes with tools indicated below the (number). TC is triple combo, HNGS is hostile environment gamma ray sonde, APS is accelerator porosity sonde, HLDS is hostile environmental lithodensity sonde, DLL is dual laterolog, TAP is temperature acceleration pressure tool, SGT is scintillation gamma ray tool, DSI is dipole sonic imager, GPIT is general purpose inclinometer tool, FMS is formation microscanner, UBI is ultrasonic borehole imager, VSI is versatile seismic imager, and EMS is environmental mechanical sonde. and cation exchange capacity of the formation [Pezard, 1990] . The electric current from Dual Laterolog tool penetrates $0.5 m into the wall rock and returns to detectors on the tool strings. The detection range of resistivity by LLD and LLS is from 0.2 to 40,000 ohm m and measurements are carried out typically with 0.15-0.2 m sampling intervals. In contrast, the FMS tool has four orthogonal pads each with 16 sensor buttons that when extended provide partial but significant lateral coverage of the borehole wall (e.g., up to 40% with four orthogonal pads in 8 in. borehole) with high spatial resolution ($0.002 m) resistivity readings. The resulting FMS data provide high-resolution resistivity images of the borehole wall. UBI measures the acoustic reflections from borehole wall with 360°c overage and provides a visualization of the borehole wall reflectivity as two-dimensional images with a sampling resolution of $0.15 m. Both the FMS and UBI images are azimuthally oriented to the geographic reference frame using the General Purpose Inclinometer Tool. The FMS and UBI in situ physical property measurements essentially provide ''scanned images'' of the borehole wall that are of great help for determining the morphology of the basement formations penetrated. In Hole 1256D, multiple FMS runs provide significant intervals with nonoverlapping pad traces providing increased lateral coverage of the borehole wall compared to a single pass. The vertical distribution of nonoverlapped pad traces by four, eight, and twelve pads downhole is 35, 45, and 20%, respectively. The multiple passes of the FMS in Hole 1256D result in the FMS logging operation yielding greater than 40 to 60% lateral coverage (as high as 216°) for that over 65% of the logged interval.
[12] The extreme contrast between the highly conductive seawater in the borehole and highly resistive gabbroic rocks led to saturation of the wireline resistivity tools (>4.6 Log ohm/m; e.g., http:// www.ldeo.columbia.edu/BRG/ODP/ODP/LEG_ SUMM/176/leg176.html). As such the occurrence of gabbroic rocks remains as determined from the core descriptions at the curatorial depth of 1407 mbsf. We await further drilling and logging of Hole 1256D to provide better wireline log data to characterize the plutonic section of Hole 1256D.
Logging Data Collection
[13] After we closely examined all the wireline logging data from Hole 1256D collected on ODP Leg 206 and IODP Expeditions 309 and 312, we used FMS and UBI images, LLD, LLS, and NGR as primary parameters and density, Vp, photoelectric effect factor, and porosity as secondary parameters to classify rock and flow types in the electrofacies analysis. We found that the combination of the primary wireline log parameters with the FMS images provides the most distinctive signatures for different rock formations. The secondary wireline parameters are useful for detailed chemical composition-rock type determination [e.g., Bartetzko et al., 2003] . However, a preliminary examination of all the wireline data from Hole 1256D indicated that the crust is highly fragmented. Such formations mean that wireline tool responses of these secondary parameters are strongly influenced by the presence of fluid (including hydrogen bounds in altered rocks) or the quality of contact with the borehole wall. Because of these in situ conditions, we have given these secondary parameters less weight in our electrofacies analysis. Instead we have used the resistivity logs as an alternative and more representative recorder of the information provided by the density, Vp, photoelectric effect factor, and porosity data because resistivity is some, albeit unknown function of the local porosity structure and the rock formation [e.g., Pezard, 1990] .
[14] FMS and UBI images were replotted by using a 2 m window for dynamic calculation onto the depth matched values at the Borehole Research Group, University of Leicester and at the Institute for Frontier Research on Earth Revolution, Japan Agency for Marine-Earth Science and Technology. FMS images can be displayed with either static or dynamic normalization. Static normalization computes the relative contrast in resistivity over the entire logged interval so that absolute values can be comparable downhole. For dynamic normalization, resistivity contrasts are compared within designated short intervals and this approach has been utilized in our analysis because this more strongly emphasizes local contrasts of conductive features. The UBI images are strongly influenced by the hole condition and were mostly utilized to check the locations and appearances of major features on the FMS images.
Core-Log Correlation and Qualitative Electrofacies Analysis
[15] High-resolution FMS images (.tiff format) were acquired using the GeoFrame TM software and the borehole was subdivided into 50 m intervals for printing onto 36 Â 48 inch paper together with the depth-matched LLD, LLS, NGR, FMS, and caliper logs to enable the ''mapping'' of the downhole geology. These plotted images when combined with images on GeoFrame were found to be an efficient method of electrofacies analysis as this allowed the complete stratigraphy to be assessed simultaneously and the responses of similar rock types from different intervals to be readily compared.
[16] First, we identified flow boundaries, distinctive conductive fractures, and subvertical contacts using the FMS and UBI images. The lithology of the units between these boundaries was then determined based on the morphologies of the borehole walls as observed from the FMS and UBI images, the ranges of LLD, LLS, and NGR responses, and nature of the recovered core pieces. The FMS caliper measurement was carefully monitored because irregularities in the borehole walls can interfere with resistivity responses.
[17] Next, we investigated the correlation between recovered core pieces and observations on logging interpretation. The preliminary inspection of the FMS images provided us with broad clues to match recovered cores and unrecovered intervals with corresponding rock types. Continuous core pieces are typically only recovered from intervals of homogeneous, slightly altered, massive lavas. We tried to establish the in situ depths of recovered continuous core pieces (approximately >8 cm) by comparing the depths of intervals assumed to be massive flows based on their relatively homogeneous textures on the FMS images with the curatorial depths of continuous core pieces. In some cases, the recovered continuous core pieces can be unambiguously assigned to the depth of the massive lavas observed on FMS images, and then neighboring core pieces can be assigned depths by considering their juxtaposition with respect to the massive lava intervals. One might think that FMS or UBI images may readily be used to relocate brecciated pieces to appropriate fragmented intervals identified. However, the relocation of individual pieces is extremely challenging even when there are distinctive features in cores such as veins and fractures. This is principally due to very low recovery rates in such intervals and the large distance between the exterior of the recovered cores and the borehole walls (>10 cm). We also examined the onboard physical property measurements on the recovered cores (i.e., magnetic susceptibility, gamma ray attenuation porosity, wet bulk density, and natural gamma emission measured by multisensor track) to see how these physical property measurements help us to match core observations to wireline logs. We found that, however, these cores and the measured values represent only limited aspects of the in situ bulk formation because the core recovery rates are so low and recovered core types are strongly biased. Following examination of the complete section, the curatorial depths and the logger's depths were generally found to be no more than a few meters difference in Hole 1256D (Table S1 ).
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[18] Last, we have finalized the classification of lithofacies principally based on wireline logs. These lithofacies classifications are named after rock formation textures on the FMS images. Classifying flow types in a volcanostratigraphy model based on electrofacies analyses relies on criteria that are somewhat different from those for identifications based on observations of surficial lava morphology from underwater vehicles [e.g., Umino et al., 2000] . In electrofacies analyses one observes a cross section of the accumulated lava flows as represented by resistivity contrasts. Following this approach, we can generally identify lava as either as a massive flow, pillow lava, a fragmented interval, or some form of physically altered, fragmented flows.
Results
Hole 1256D Qualitative Volcanostratigraphy
[19] A new igneous stratigraphy of Hole 1256D from 312 to 1425 mbsf is proposed ( Figure 4 , Table 1 ) and the characteristic parameters for recognizing each electrofacies are summarized in Table 2 . We suggest 10 lithofacies: massive flows, massive off-axis ponded lava, fractured massive flows, thin flows/thick pillows, pillows, fragmented flows, breccias, isolated dikes, dikes in sheeted dike complex, and gabbros.
[20] Massive flows, fractured massive flows, and fragmented flows are the dominant lithofacies in the extrusive sequences and make up approximately 13, 5, and 23%, respectively, of the complete section (Table 3) reinterpreted as a zone of fragmented flows and breccias. Isolated dikes and dikes in sheeted dike complex make 12 and 28% of the new stratigraphy, respectively, and include some brecciated zones with discernible subvertical contacts.
[21] Our new volcanostratigraphy exhibits significant differences in the fractions of breccias and sheet flows compared to the shipboard stratigraphy ( Figure 5 ). This discrepancy clearly indicates that core recovery is highly biased toward better drilled, massive, less fractured rocks.
Massive Flows (1)
[22] We identified massive flows as intervals more than 2 m thick with a homogeneous texture on the FMS and UBI images. These massive flows are mainly located between 430-530 mbsf and 825-1050 mbsf. Irregularly spaced minor fractures with various orientations are common in these flows. LLD and LLS measurements are typically as high as 1.6 ± 0.4 Log-ohm m due to the homogeneous texture and with slightly lower values near fractures. NGR counts are relatively low (4.2 ± 2.3 API; Figure 6 and Table 2 ).
Massive Off-Axis Ponded Lava (1a)
[23] The massive off-axis ponded lavas that construct the upper $100 m of basement in Hole 1256D are subdivided from the massive flows. Although their electrofacies characteristics are similar, there are strong geological and geophysical criteria for their recognition as a distinctive subgroup [Wilson et al., 2003] and relatively high core recovery rates give confidence in the shipboard descriptions. LLD and LLS measurements are high 1.9 ± 0.2 Log-ohm m compared to other electrofacies in the extrusive section, indicating low porosity structure. NGR counts are low (2.6 ± 1.3 API), indicating relatively few fractures in this formation ( Figure 7 and Table 2 ).
Fractured Massive Flows (2)
[24] This electrofacies is assigned to flows more than 2 m in thickness with less homogeneous texture than massive flows and commonly rounded fractures apparent on the FMS and UBI images. The thickest fractured massive flow is located from 650 to 675 mbsf. We assume that the fractured massive flows are massive flows that have been physically altered by fracturing or jointing. Owing to the common presence of fractures, LLD and LLS values are slightly lower (1.6 ± 0.3 Log-ohm m) and NGR counts (4.1 ± 2.6 API) are slightly higher than massive flows ( Figure 8 and Table 2 ).
Pillow Lavas (3)
[25] We identified pillow lavas in the FMS and UBI images as rounded bodies with curved rims, radial fractures, downward drooping tear drop shapes, relatively highly conductive interstitial material, and irregular patches within the more massive interiors. The pillow lavas are localized between 700 and 810 mbsf. Lava pillow sizes measured from the FMS images range from a few tens of centimeters to approximately 1 m in diameter. The estimation of lava pillow sizes is limited by the diameter of the borehole which might lead to an underestimation of the percentage of pillows and overestimation the variability in lava flow types. The relatively low LLD and LLS (1.5 ± 0.3 Log-ohm m) and high NGR (5.2 ± 2.2 API) are attributed to the highly fractured, porous structure of the pillow sequence ( Figure 9 and Table 2 ).
Thin Flows/Thick Pillows (4)
[26] We identified thin flows/thick pillows as thin, $1 m thick flows with relatively homogeneous textures in the FMS and UBI images but common rounded boundaries. The occurrence of this electrofacies is confined to between 410 and 910 mbsf and such rocks are most commonly observed between 575 and 600, 700 -810, and 875 -910 mbsf. In the interval of 700-801 msbf, these flows appear interbedded with fragmented flows and pillow lavas.
[27] The name of this electrofacies reflects the uncertainty of our determination of this rock type. When the drilling penetrates through the center of a $1 m thick lava pillow, the wireline log responses it will be similar to that of a $ 1 m thick flow with distinctive flow boundaries on the top and bottom, because the curved rims of the pillow may not be intersected by the borehole or apparent on the FMS images. Hence, it is difficult to unequivocally determine solely from wireline logs whether this lithofacies type represents sheet flow or relatively thick pillow lava. LLD and LLS measurements are typically higher than the immediately overlying or underlying intervals (1.6 ± 0.4 Log-ohm m). NGR counts are on average moderate but display a wide range (4.6 ± 2.4 API; Figure 9 and Table 2 ).
Fragmented Flows (5)
[28] Fragmented flows are intervals with common fractures that appear as diagonal mesh-like textures on the FMS and UBI images. Fragmented flows are the most abundant electrofacies in the volcanic sequence of Hole 1256D. These flows are located throughout the volcanic section of the hole from 350 to 1064 mbsf and thickness of individual units varies from a few tens of centimeters to >20 m (e.g., intervals 351-381 and 775-805 mbsf). On the FMS and UBI images, we observe thick intervals displaying the mesh fabric morphology, isolated by highly conductive, flow boundary zones or fractures. We suspect that the fragmented flows originate from massive flows although pervasive fracturing makes it difficult to discount other origins. A few intervals of fragmented flows correspond to recovered samples of breccia. Identifying exact in situ locations of those breccia pieces is challenging because there are multiple high resistivity patches among fragmented, conductive formation on the FMS and UBI images, any of which could be the original sites. LLD and LLS measurements are moderate (1.5 ± 0.4 Logohm m) and NGR is relatively high (4.7 ± 2.4 API; Figure 7 and Table 2 ).
Breccias (6)
[29] We identified breccias as intervals with completely fragmented textures on the FMS and UBI images, in which the fragments of the original formations appear to be chaotically arranged. The highly fragmented texture of these formations makes it difficult to distinguish lithologic boundaries and conductive fractures. This electrofacies is associated with low LLD and LLS (1.5 ± 0.4 Log-ohm m) and high NGR (4.4 ± 2.4 API) compared to adjacent formations (Figures 7 and 8 and and secondary parameters are calculated from wire-line log during Expedition 312 (see Figure 3) . 2008GC002143 [30] Breccia intervals in this lower zone correspond to the common breccia samples recovered around the lithologic transition zone between 1000 and 1060 mbsf. We presume that these breccias were rubble formed by collapse of inflated lobate sheet flows or talus rubble in tension fissures and faults. Some breccia zones occur along subvertical contacts that may be dike margins (e.g., at 914 mbsf).
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Dikes in Sheeted Dike Complex (7)
[31] We identified the Dikes in sheeted dike complex (7) that comprise the $ 350 m of the Hole 1256D sheeted dike complex (1064-1412 mbsf). We identified fractures that are separated by subparallel, subvertical, high-conductivity contacts with consistent orientations as individual dike margins. These features indicate the presence of a sheeted dike complex (Figures 8 and 10 ). Eightysix subvertical contacts were identified in the logs between 1064 and 1412 mbsf. Assuming individual dike thickness is measured between a pair of chilled contacts, the average thickness of dikes is 0.5 ± 0.8 m. The average dip and dip direction of the contacts are $79°± 8°and 053 ± 23, respectively, calculated by using statistics of spherical Table 3 . coordinate system [Fisher et al., 1987] (Figures 11a  and 11b ). This is in good agreement with dike margin measurements made on the cores recovered from this interval (average dip 76°± 16°(N = 19), see structure_log and dike_log in the work of Teagle et al. [2006] ). The dike orientation suggests that the sheeted dike complex at Site 1256 crust is tilted slightly away from the paleospreading ridge. The FMS and UBI textures of the dikes are similar to those of the massive flows although dikes are commonly brecciated along subvertical contacts. LLD and LLS values increase dramatically below 1064 mbsf to 2.6 ± 0.6 (Log-ohm m), which is 10 times higher than that of upper volcanic flows, indicative of the paucity of fractures in this formation except the subvertical contact zones. NGR values are relatively high on average (4.3 ± 1.3 API) probably due to strong alteration and mineralization along the subvertical contacts as evidenced in the recovered cores. The values of LLD and LLS are generally high (>3.0 Log-ohm m) in the dike complex. Localized, anomalously high LLD readings ($ 4.0 Log-ohm m) at 1345 mbsf coincide with the first downhole occurrence of granoblastic dikes (Table 2 ). Subhorizontal to moderate dipping, evenly spaced (0.1$1 m) linear features are observed in the cores of dikes (localized around 1119-1124, 1137-1143, 1147-1155, 1226-1227, 1236-1240, 1244-1251, 1258-1261, 1263-1266, 1274 -1277, 1279 -1295, 1310 -1329, 1333 -1338, 1343 -1345, 1350 -1369, 1371 -1376, 1383-1409 mbsf) but the origin of these features remains unknown. These features may be open fractures or cooling joints orthogonal to dike margins.
Isolated Dikes (7a)
[32] We identified isolated dikes within the volcanic section (<1064 mbsf) which exhibit massive flow-like textures on the FMS and UBI images sandwiched between pairs of subvertical contacts with attitudes of dips similar to margins observed in the underlying sheeted dike complex (Figure 8 ). These isolated dikes observed from the FMS images are reminiscent of the narrow interfingered Table S1 . FMS and UBI sampling interval were 0.002 and 0.15 m, respectively, and the plot is derived from a dynamically processed 2 m window in GeoFrame. PEF is photoelectric effect factor. dikes rarely present in the recovered cores although it is difficult to validate one-to-one correlations (e.g., interfingered dikes in Core 309-1256D-120R-1, 8-26 cm and Isolated Dikes observed at 1018 mbsf on the FMS image). We found 28 Isolated Dikes between 810 and 1064 mbsf with average thickness of 0.5 ± 1.8 m (Figures 11a and   11b ). The average dip and dip directions of the contacts are $79°± 23°and 033 ± 67, respectively, calculated by using statistics of spherical coordinate system [Fisher et al., 1987] . LLD and LLS values are slightly higher than that of massive flows (1.7 ± 0.4 (Log-ohm m)) and NGR is low to moderate (3.6 ± 2.9 API) ( Table 2 ). Below 
Gabbros (8)
[33] As discussed previously, the malfunction of the resistivity sensors due to the extreme contrast between highly conductive seawater filling the borehole and highly resistive igneous formation precludes detailed analysis of this section. Gabbros are assigned to our new crustal stratigraphy using the curatorial depths from the recovered core (Figure 10 ).
Discussion
Pillows or Not Pillows
[34] In previous core-log integration studies, to obtain characteristic logging tool responses for a rock type, comparisons were made among the rock type from core observations, logging tool responses, and a partial cross-sectional view of the accumulated lava flows as represented by resistivity contrasts on the FMS images. The obtained logging responses become criteria to determine rock types particularly in zones of low and no core recovery [e.g., Bartetzko et al., 2002; Révillon et al., 2002; Barr et al., 2002] . Following this approach, however, we found that the identification of pillow lavas is particularly challenging for two reasons. First, pillows can be misidentified in core observations. The traditional pillow determination criteria in recovered core pieces are based on pillows seen in ophiolites [e.g., Gillis and Sapp, 1997] , such as (1) curved or rounded chilled margins with radial fracturing, (2) changes in grain size from the rim to the center of pillows and the presence of glass and varioles. Although helpful, these criteria are not definitive for identifying pillow lavas in drilled cores. Second, the challenge in core-log integration is to interpret and subdivide the overlapping ranges of tool responses to establish a representative set of responses for pillows. It is obvious from our FMS images that curved margins of pillows and fractured pillow interiors 
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Geosystems G 3 G resemble characteristics of fragmented flow formations, making it difficult to use logging tool responses to isolate a rock type (e.g., fragmented flow) from others (e.g., pillows). For our analysis, developing methods to confidently identify lava morphologies from wireline logs, specifically from the FMS images, was necessary.
[35] To explore if a correlation between recovered core pieces and pillow-like FMS images is available, we revisited the distribution of the cores recovered and FMS images from two other ODP/ IODP holes. We first visited IODP Hole U1301B that drilled into intermediate spreading rate crust on the eastern flank of the Juan de Fuca Ridge, from which many apparent pillow lavas were recovered [Fisher et al., 2005] . However, a paucity of good FMS logs precludes similar analysis. Future drilling and logging at this site may provide sufficient FMS borehole coverage to test pillow lava identification and occurrences.
[36] We next examined ODP Hole 801C, which penetrated into ocean crust formed at a fast spreading rate [Plank et al., 2000] . At this site, the previous most comprehensive core-log integration study was carried out . Their pillows were ''characterized by more variable log responses. . .the average log values are intermediate between those for massive basalts and breccia. . .FMS images of pillow lavas are characterized by bright, rounded regions of relatively uniform resistivity (pillows) separated by darker, more conductive intervals that represent altered interpillow zones. ''However, our examination of the visual core descriptions from Hole 801C [Plank et al., 2000] and comparison with the shipboard lithostratigraphy and FMS images as reported by Barr et al. [2002] suggest that their core-log integration overestimated pillows and the aforementioned set of log responses for pillows may be erroneous. Barr et al. [2002] cite the presence of curved chilled margins as a distinguishing characteristic of pillows in the shipboard core lithostra- Figure 10 . Electrofacies analyses over the interval 1403 -1413 mbsf where IODP Expedition 312 recovered gabbroic rocks. We locate the depth of the gabbro based on the curatorial depths because DualLaterolog tool appears to have reached its detection limit (see LLD values). This may be due to the inappropriate preparation of the borehole prior to logging, resulted in a more than 5 times resistivity contrast between the borehole wall and water-filled borehole. Before future logging of gabbroic intervals the borehole should be flushed with fresh water to reduce the resistivity contrast (http://www.ldeo.columbia.edu/BRG/ODP/ODP/LEG_SUMM/176/leg176.html). tigraphy, but cooling unit thickness was the only criteria used on shipboard to distinguish pillows from massive flows [Plank et al., 2000] . Barr et al. [2002] lumped the shipboard ''pillows'' and ''pillows or flows'' units together as pillow. Some pillow units in the shipboard lithostratigraphy of Hole 801C (e.g., those associated with the two hydrothermal deposits) have clear characteristics of pillows in the recovered drill cores, core photographs, and the visual core descriptions, including subvertical and irregular curved glassy margins in addition to subhorizontal curved chilled margins [Plank et al., 2000; J. Alt, personal communication, 2008] . In contrast, Cores 34-36 and 38-39, which in the shipboard lithostratigraphy figures [Plank et al., 2000] and Figure 12 in the work of Barr et al. [2002] are plotted as exclusively pillows, contain only horizontal to subhorizontal chilled margins, consistent with thin flows or possibly with pillows. These units lack any hyaloclastite or clear tiny pillow fragments, or subvertical curved chilled glassy margins that would favor their interpretation as pillow basalts. Moreover, in the shipboard visual core descriptions, most of the Figure 12 . Simplified volcanostratigraphy models from electrofacies analysis and selected plots from ANN analyses. Group A1 shows a simplified volcanostratigraphy model following flow types. Colored letters correspond to stratigraphic layers with same color. Group A2 shows simplified volcanostratigraphy model following apparent texture types. Colored letters correspond to stratigraphic layers with same color. Group B1 shows ANN classification results with our choice of parameters (see section 6.2 for details). Classes 1$4 are displayed with different patterns. Group B2 shows ANN lithology based on the comparison between groups A2 and B1. Color coding follows lithologies in group A1 model (see section 6.3 for details about the correlations). Group C1 shows an example of ANN results with FMS pad averages. Sixteen buttons on one pad were averaged into a pad average value at a sampling depth. Group C2 shows an example of ANN results with FMS button averages. Sixty four buttons on all (four) pads were averaged in a button average value at a sampling depth. Color coding of C1 and C2 models follows B2. cooling units in Cores 34-36 and 38-39 are classified as ''flows'' and ''pillows or flows, ''with only a few cooling units described as ''pillows'' on the basis of their thickness less than 0.5 m [Plank et al., 2000] . Thus the available evidence suggests that Cores 801C 34 -36 and 38 -39 are better classified as thin flows than as exclusively pillows. On the basis of our criteria for FMS image/electrofacies analysis developed for Hole 1256D, many of the purported ''pillows'' in the Hole 801C volcanostratigraphy would be instead classified as thin flows/thick pillows or fragmented flows.
[37] To explore other indications for the occurrence of pillow lavas, we examined whether the distribution of basaltic glass recovered downhole correlates with our identification of pillow lavas in Hole 1256D. Glass was most commonly recovered from the upper and middle parts of Hole 1256D (350-1050 and 1150-1250 mbsf) and corresponds to several rock types, such as fragmented flows, breccias, and pillow lavas (Figure 4) . However, all such flow styles will develop a few centimeters of surficial glass when they interact with cold seawater and hence, glass recovery is not a unique parameter for identifying pillow lavas. We also examined the radius of curvature of curvy textures identified in the FMS images to investigate whether this can be utilized to identify pillows; however, this is also not a definitive parameter as the size of pillows in submarine environments can vary from 0.1 (knobby pillows) to a few meters (elongate/ bulbous pillows) [e.g., Lonsdale and Spiess, 1980] .
[38] We conclude that classifying flow types for a volcanostratigraphy model based on electrofacies analyses better relies on criteria that are principally based on the morphology of FMS images with good lateral coverage of the borehole wall. For pillows these features include closely packed, downward drooping tear drop shapes, radial fractures, highly conductive interpillow materials, and high conductivity irregular alteration patches (Figure 9 ). Some fragmented flows resemble these morphologies, but generally also display smaller scale, mesh-like fracturing systems (scale of fracturing a few $10 cm) (Figure 7b ).
[39] Implementation of the above criteria has led to a thorough revision of the occurrence of pillow lavas from that proposed in the Hole 1256D shipboard stratigraphy (364 and 788.8 mbsf) with new intervals of pillow lavas being identified and previously recognized intervals being reclassified as other rock types. A number of 1 to 10 m-thick intervals that satisfy our pillow lava criteria in the FMS and UBI images occur between 700 and 810 mbsf. These rocks were classified as sheet flows in the onboard observations .
Fragmented Flows and Breccias
[40] The porosity and permeability structure of the upper oceanic crust is critically important to understanding hydrothermal alteration processes [e.g., Alt et al., 1986 Alt et al., , 1996 Alt, 2004; Fisher, 2004; Fisher et al., 2005] . Fluid flow and chemical exchange are tightly linked to the bulk porosity of the crust and the distribution of highly fractured and brecciated rock types. However, such intervals are commonly absent or very poorly represented in cores recovered by ocean drilling and hence their distribution must be determined from wireline criteria. This is a major hindrance to investigations of seawater-basalt chemical exchange because these intervals endure the most intensive hydrothermal alteration in the oceanic crust. We propose three different physically altered, fragmented lithofacies in our volcanostratigraphy: fractured massive flows, fragmented flows, and breccias. Overall, these three flow types make up more than 40% of Hole 1256D and more than 50% of the volcanic sequences (Table 3 and Figure 4) . We used the term ''fragmented'' to indicate fractures that may have been physically developed through construction of the upper oceanic crust. From electrofacies analysis, we suggest that the range of fragmented flows observed downhole is best separated, rather than grouped together as ''breccias,'' as in previous studies [e.g., Barr et al., 2002] . This is because the degrees of fragmentation and the volcanic origins of flows can be different, and these are clearly discernible from the wireline images.
[41] Each lithofacies shows a different distribution downhole. The majority of fractured massive flows occur between 625 and 675 mbsf. Fragmented flows are regularly distributed between 350 and 950 mbsf and breccias are concentrated in the upper (350-700 mbsf) and lower (925-1065 mbsf) parts of the extrusive section (Figure 4) . Fractured massive flows and fragmented flows show areas of relatively homogeneous texture similar to that displayed in intervals of massive flows or thin flow/thick pillows. These flows, hence, may have originally comprised a variety of relatively high effusion-rate flows such as lobate, wrinkled, jumbled, lineated sheet flows as are commonly observed at the EPR ridge crest [Fornari et al., 1998 [Fornari et al., , 2004 . The fragmentation (faulting) could be induced during cool- ing/quenching, due to lava loading, or local and/or regional tectonics before chemical alteration [e.g., Escartín et al., 2007] .
[42] The origin of Breccias appears to be different from other fragmented rock types because brecciated intervals are completely fragmented and any primary volcanic textures, if ever present, are destroyed. We attribute these highly fragmented intervals to such features as shattered pillows caused by landsliding on slopes [Moore, 2001] , collapsed pits among lobe/inflated flows [Umino et al., 2000] , collapsed lava pillars [Perfit et al., 2003] , and sagged lava channels [Soule et al., 2005] .
Lava-Dike Transition Zone
[43] The boundary between lava sequences and the sheeted dike complex in both ophiolites and intact ocean crust is laterally and stratigraphically transitional with a change from <10% to >90% dikes commonly occurring over a vertical distance of $100 m [e.g., Gass, 1960; Wilson, 1959; Hooft et al., 1996] . In Hole 504B this transition, as determined by core descriptions, occurs between 572 and 781 msb [Alt et al., 1996] and marks a zone over which there are major changes in crustal physical properties (e.g., permeability) [Becker, 1989] and hydrothermal alteration.
[44] In Hole 1256D the upper boundary of the transition zone was placed at 1004.2 mbsf (Core 1256D-117R-1, 85 cm) because of the first presence in the cores of isolated dikes and the occurrence of subgreenschist facies secondary alteration minerals . However, the low recovery rates in Hole 1256D, especially from brecciated intervals and fracture fillings, means that the exact shallowest in situ depth of the subgreenschist facies minerals remains uncertain. Unfortunately, there are not significant changes in the wireline logs at this level and the precise position of the upper boundary of the transition zone in Hole 1256D remains equivocal.
[45] The lower boundary of the transition zone at 1061 mbsf was assigned based on shipboard petrological observations of recovered core pieces . Electrofacies analysis suggests that the lowermost fractured massive flow and massive flow occurs at 1064 mbsf. The corresponding recovered core comprises only short core pieces (Core 1256D-128R1 Piece 16 -21) consistent with being from the lowermost fractured massive flow (1061-1064 mbsf) (Table S1 and Figure 8 ). Dikes are observed as the dominant rock type below this depth in both the drill core and the wireline logs, with gradational changes in wireline physical properties, particularly increases in LLD and LLS values. Therefore we propose 1064 mbsf as the lower boundary of the transition zone in our new crustal stratigraphy.
Toward an Objective, Quantitative Volcanostratigraphy
[46] In addition to the qualitative electrofacies analysis above, we carried out an alternate approach to construct a completely objective, quantitative volcanostratigraphy by using an unsupervised ANN method. An ANN is a computer algorithm designed following the information transportation and interpretation systems of the human brain. The principal abilities of ANN are the adaptive classification, prediction, and correlation of input information. ANN approach has advantages superior to other classification techniques (e.g., K-means clustering, discriminant analysis) as there is no need for prescreening of outliers or scaling input data sets following theoretical mechanisms. Without prerequisite knowledge of the logic behind a problem or behavior, ANN can act as a nonparametric, nonlinear regression technique so that we do not have to know how the data will be fitted by the modeling before the calculation [Dowla and Rogers, 1995] . This nature of ANN makes it possible to sort data into an almost unlimited desired number of classes. In any classification technique, one may wish to determine the number of significant discriminant groups, and in the case of ANN, we determine the number of classes (neurons). ANN technique is potentially of great value for the analysis of multiple parameter observations such as downhole wireline logs. If successful, a quantitative crustal stratigraphy could be constructed by classifying rock types or eruptive styles based solely on distinctive ranges of numerical logging parameters.
[47] ANN algorithms are broadly classified into two groups: supervised and unsupervised. Supervised ANN requires three steps in the task of classification. The first stage is ''training'' where a network is trained using input and desired output data sets. Next, the trained network is tested on examples it has not seen. Last, the successfully trained network is applied to new data sets and classifies the data into designated groups [e.g., Dowla and Rogers, 1995] . In contrast, unsupervised ANN analyzes input data without predetermined output targets. The unsupervised network classifies input data into designated numbers of classes by finding clusters or similarities within the data based on topological mapping [Dowla and Rogers, 1995] .
[48] ANN approaches have been used in the petroleum industry to map hydrological properties within reservoirs (e.g., porosity, permeability) or environmental test sites [e.g., Link and Blundell, 2003] . ANN have been only rarely applied in scientific ocean drilling [e.g., Benaouda et al., 1999; Moritz et al., 2000; Goutorbe et al., 2006] and only once to examine downhole lithostratigraphy. Hole 792E located in the Izu-Bonin forearc comprises a sequence of volcanoclastic sandstones, conglomerates and claystones [Taylor et al., 1990 ] drilled on Leg 126 with relatively high rates of recovery (>50%). Wireline data from this site were analyzed using supervised ANN routines where predetermined combinations of ANN classes had been calibrated against the rock types known from the recovered cores. ANN analysis performed better than other automated classification and feature detection techniques (e.g., discriminant analysis) in constructing a downhole lithostratigraphy [Benaouda et al., 1999] .
[49] Previous to our study, there has been no attempt to deploy ANN to analyze wireline logs of a highly fractured and variable substrate such as oceanic volcanic basement. Here we attempt to establish a quantitative volcanostratigraphy directly from wireline logs using an unsupervised ANN to test whether such an approach could be applied to rapidly construct a preliminary continuous downhole stratigraphy analysis, as would be useful aboard ship directly following wireline logging operations.
Application of Artificial Neural Network
[50] The self-organizing feature map (SOFM) [Kohonen, 1987] is an unsupervised ANN method and an example of a competitive network in which the number of classes or groups are user-defined input to the ANN system. The ANN classifies data by receiving input data and establishing stable boundaries (the number of boundaries equals the user-defined number of classes) among the input data. Weight vectors that correspond to the number of classes are initially set to random values. Once the boundaries become stable, these can delineate unknown input as the training stage is done [Hagan et al., 1996] . This style of unsupervised network may be useful for constructing a quantitative volcanostratigraphy because it requires little input or bias from the interpreter and should achieve a completely objective output.
Methodology for Building Quantitative Lithostratigraphy
[51] We have employed an unsupervised SOFM to classify logging parameters from Hole 1256D to construct a quantitative volcanostratigraphy model. The calculation subroutines were programmed with the MATLAB 1 neural network toolbox. An unsupervised approach was used to avoid biasing the lithological classification, as would result if we employed a supervised approach with predetermined lithologic classifications based on the incomplete information yielded by the recovered cores.
[52] We first reexamined the volcanic section of our qualitative electrofacies analysis of Hole 1256D to build a simplified template lithostratigraphy of the hole for later comparison with our ANN output. We propose two different grouping of the rock types from our volcanostratigraphy model. In the first grouping the eight electrofacies in the volcanic section are clustered based on rock types observed from the fast spreading EPR crust: massive sheet flows, fragmented flows, pillow lavas, and breccias [e.g., Fornari et al., 1998 Fornari et al., , 2004 Bartetzko et al., 2002] into four major groups (R1) massive flows, massive off-axis ponded lava, and fractured massive flows; (R2) pillow lavas and thin flows; (R3) fragmented flows and breccias; and (R4) isolated dikes ( Figure 12 , group A1). In the second grouping elctrofacies are clustered based on similar textures on the FMS images into four major groups: (T1) massive flows, massive off-axis ponded lava, fractured massive flows, and isolate dikes; (T2) pillow lavas and thick pillow/ thin flows; (T3) fragmented flows; and (T4) breccias ( Figure 12 , group A2). The major difference between these two templates is the treatment of isolated dikes (Figure 12 , group A1) and breccias ( Figure 12 , group A2) as independent subdivisions.
[53] For the input data set to the ANN calculations, we used all the available one-dimensional wireline logs including LLD, LLS, NGR, density, porosity, Vp, and photoelectric effect factor measurements. We found that the combination of all wireline logging responses provided the most complete description of the in situ physical properties of the crust penetrated by Hole 1256D, following numerous trial-and-error examinations of different combinations of the numbers and types of wireline logs. [54] To use the Hole 1256D wireline logs, we first interpolated all logs from 312 to 1064 mbsf to a 0.15 m sampling interval to create common sampling depth profiles. This is necessary because different wireline tools analyze the borehole walls over different depth ranges. Since we proposed two different groupings of four rock types or FMS morphologies, the number of classes in the ANN calculation was set for four.
[55] We used a boxcar filter for smoothing and finalizing the ANN classification. Smoothing of the results is an important process in the application of SOFM to problems where fine-scale variation is the norm. If a smoothing filter is not applied the SOFM results are dominated by high-frequency variations in the input logs that emphasize the gradations from one class to the other and inhibit interpretation. It should be noted that when larger numbers of output classes are used, the resulting classifications often show smooth gradations from one class to the other [Link and Blundell, 2003] . To find the best smoothing filter size, we carried out numerous trial calculations in SOFM in pursuit of the best match between the output classes and our qualitative electrofacies volcanostratigraphy. After trials, we concluded that a sliding window of 33 points ($ 5 m) is most appropriate to evaluate the wireline logs in the ANN training routine. Use of a sliding window allows the network to look at data before and after each analysis point. A $5 m window is close to the length of an IODP halfcore which was the typical advance during drilling Hole 1256D. This approach is then similar to the observation and comparison techniques used by human interpreters of both cores and wireline logs.
Results: Quantitative ANN-Based Volcanostratigraphy
[56] The resulting four ANN classes (hereafter classes A1 to A4) represent different characteristics of in situ rock formation in Hole 1256D. The classification was calculated based on the combinations of all the wireline logs responses at a given depth by the SOFM program with aforementioned parameters.
[57] The ANN classification that resulted from using our selection of the parameters indicates that the order of the abundance (total thickness) of classes is class A1 > class A3 > class A2 % class A4 (Figure 12 , group B1 and Table 4 ). Overall, the distribution of these classes downhole comprises relatively thick intervals of classes A1 and A3 with thinner layers of classes A2 and A4. Very thick intervals of class A1 from 550 to 650, from 750 to 850, and from 950 to 1030 mbsf are distinctive. The thin layers of classes A2 and A4 show two different styles of distribution. Class A4 layers are commonly associated with class A3, and class A2 layers are found in thick class A1 and A3 layers. A set of logging tool responses of a class suggests characteristics of the in situ formation (Table 4) . Class 1 is the formation characterized by low porosity, low NGR, and high Vp, indicating little fractured, less altered formation. In contrast, class 4 is the formation characterized by high porosity, high NGR, and low Vp, indicating very fractured, highly altered formation. Classes A2 and A3 are the formations characterized in between class 1 and 4 formation types, indicating transitional layers between classes A1 and A4. Provided the most distinctive difference between classes A2 and A3 are the NGR values, we suggest that class A2 formation is less altered than class A3 formation.
[58] Comparing the abundance, distribution, and set of logging responses of the ANN classes helps determine the representation of each class in terms of lithology. We tried matching ANN classes with lithologies using the FMS textural (Figure 12 , group A2) volcanostratigraphy because the distribution of the ANN classes is most similar to the volcanostratigraphy model resulting from the FMS textural style types (T1-T4) as opposed to the flow types (R1-R4). The distribution of thick layering of massive flows (T1) from middle to lower part of the hole is almost identical to the distribution of ANN class A1. Together with the end-member physical property characteristics of class A1 formations, we suggest that class A1 represents massive flows and less fractured portions of other flows, such as thin flows and fragmented flows. Correlating the ANN classes to lithologies is more challenging for class A2 that occur as thin layers between the massive flows and breccias or as localized thin layers. We suggest that class A2 is not a specific lithology but represent zones of anomalous porosity within class A1 formation. The distribution of class A3 is roughly the same as that of fragmented flows (T3) and breccias (T4).
Together with other characteristics of class A3 formations, we suggest that class A3 represents both fragmented flows and breccias. The abundance of class A4 is very low and the distribution of this class is rare and seen as thin layers within class A3. Because the other characteristics of class A3 formations are in opposite sense from that of class A1, we suggest class A4 represents no lithology but zones of great degree of fragmentation and alteration within both fragmented flows and breccias.
[59] Some limitations of this approach are illustrated by the assignment of thick intervals of class 1 (massive flows) around 550-650 and 750-850 mbsf that correspond to significant intervals of fragmented flows as identified by our qualitative electrofacies-derived volcanostratigraphy. The wireline responses of fragmented flows in this interval do not contrast strongly with those of massive flows and the ANN could not detect class A3 around these depths. The ANN hence classified these rocks as class A1 instead, highlighting the difficulties of decision making when the ANN encounters intermediate properties.
Discussion: Applicability of ANN Modeling
[60] The ANN-based stratigraphy ( Figure 12 , group B2) more closely resembles our simplified electrofacies-derived volcanostratigraphy where rock types were clustered by textural style ( Figure  12 , group A2) as opposed to lava flow type ( Figure  12 , group A1). This points us toward the key properties that our ANN actually classifies. Local fracture systems and other controls on the bulk porosity (e.g., flow boundaries, breccias) have greatest influence on the resistivity distributions that lead to our interpretations of the FMS images. Bulk porosity is the primary parameter for many other crustal physical properties and imparts a major influence on the physical and chemical processes in the basement [Alt, 2004] , and should have ranges that are distinctive from one rock type to another. There is a progressive increase in porosity from ANN class 1 to class 4, indicating that the local wall rock porosity has the strongest influence on our ANN classification.
[61] The distribution of porosity structures, particularly class 2 with intermediate porosities, may help us decipher lava depositional environments. Thin interlayers of class 2, associated with relatively thick intervals of class 1, appear to be porosity transitions from one end-member to another. Such porosity transitions are commonly observed at ocean ridges at the top and base of massive flows (class 1) with associating volcanic breccias (autobrecciation) (class 2). For example, such structures would be observed at the base of a massive flow that had filled a preexisting collapse pit or where the termination of lava supply results in the sagging and development of unsupported carapaces likely to collapse at the top of a massive flow.
[62] Deeper in the hole, below 900 mbsf, classes A2 and A3 occur independently of classes A1 and A4, the sharp gradients in bulk porosity may be attributed to high effusion eruptions close to the ridge axis, where massive flows are deposited in thick layers but drain-back of lava creates thin lava crusts that can degrade to breccias. Our ANN method is most reliable for classifying rock types when there are sharp contrasts in porosity structures.
[63] Caution is warranted utilizing ANN where there are major irregularities in the borehole walls as is common in ocean basement drilling. Wireline tools commonly return incorrect readings from zones of extended borehole diameter because sensors are strongly influenced by seawater between the wireline tools and the borehole wall. Our ANN would interpret such a zone as a highly porous formation, resulting in a mismatch between the ANN results and our electrofacies analysis. During the manual electrofacies analysis cross-sectional irregularities in Hole 1256D can be carefully monitored by eyeball comparison of several wireline logs and affected data disregarded. Prerequisite quality control thresholds on the caliper log could be set in the ANN to exclude certain data in the wireline logs in zones of large borehole diameter. However, if we use the caliper logs to exclude too many of the irregularities in the borehole wall prior to ANN analysis, our classification outcomes become biased toward flow or porosity structures that correspond to the undisturbed borehole wall and more robust rock types. Nevertheless, we propose that ANN modeling improves our overview of porosity structure of the basement section, which cannot be reconstructed from piecemeal core data, particularly in highly altered or fragmented formations that typically have very low recovery rates.
[64] To explore other possible quantitative ANN models, we experimented with the quantitative use of FMS data. The FMS tool has four pads each with 16 resistivity sensor buttons. We have calculated continuous downhole average values for each pad and a button average value where the readings of all 64 buttons are averaged. The former represents the four different resistivity paths and the latter represents the cross-sectional average of resistivity in Hole 1256D at a given depth. ANN stratigraphies calculated using only these averages are shown in Figure 12 , groups C1 and C2, respectively. These models are very different from our qualitative electrofacies stratigraphy. FMS data are most useful when they are processed for the visualization purposes; otherwise, they just provide multiple pass measurements of resistivity along various paths similar to that returned by the onedimensional resistivity tools. Using only one input parameter or multiple measures of the basically same parameters (FMS pads average) did not improve the ANN adaptability because the resulting classes are only dependent on changes in that parameter so the weight functions that require multiple parameters cannot be appropriately tuned.
Conclusions
[65] Conclusions we draw from this study are as follows:
[66] 1. The electrofacies analysis in this study indicated that continuous wireline log data linked with multiple FMS passes is imperative to compensate the low recovery in basement drilling. Multiple types of wireline logs can be combined to discern different flow types, rock formations, flow boundaries, and fracture geometries. Good borehole coverage with FMS images is particularly helpful for identifying the distribution of basement lithologies and structures. Assuming that boreholes are relatively circular and that tool passes follow different paths, whenever possible multiple runs of the FMS tool string should be attempted during ocean drilling expeditions, as increased borehole wall coverage provides major gains for the integration of recovered drill core and the wireline logs, and the development of representative basement volcanostratigraphies.
[67] 2. Our electrofacies analysis suggests the upper oceanic crust in Hole 1256D (325-1425 mbsf) can be classified into zones of massive flows, massive off-axis ponded lava, fractured massive flows, fragmented flows, sheet flows or thick pillows, pillows, breccias, isolated dikes, dikes in sheeted dike complex, and gabbros. Each rock type can be attributed to an original flow or unit morphology but commonly these have been physically altered by fracturing and/or chemically altered by hydrothermal circulation.
[68] 3. Evenly spaced subvertical contacts in dike section are observed in FMS images between 1100 and 1410 mbsf. This indicates that the dikes are ''dikes in sheeted dike complex'' as observed in ophiolites.
[69] 4. From our volcanostratigraphy, the lower boundary of the transition zone was determined at 1064 mbsf.
[70] 5. ANN methods primarily classify the basement with respect to its bulk porosity and alteration structures downhole. ANN modeling can improve our overview of the basement porosity structure which is not possible to reconstruct from the piecemeal information provided by the recovered cores, particularly in intervals of high fracturing and hydrothermal alteration that are typically poorly recovered. 
